Abstract-This paper deals with the study of a permanent magnet assisted synchronous reluctance machine (PMaSynRM) under static and dynamic rotor eccentricity. A 5.5 kW machine is used as the test machine, and the study is performed by using the finite element method. The influence of rotor eccentricity on several performance indicators of the PMaSynRM, such as, torque and losses is investigated.
I. INTRODUCTION
For radial-flux machines, a concentric rotor may always not be a true case for various reasons, for instance, manufacturing defects or bearing failure, etc. Such defects causes rotor eccentricity. In some cases, the rotor might be shifted from the geometrical centerline of the stator but rotates in its own axis, which is called static eccentricity. When the shifted rotor rotates around the geometrical centerline of the stator with a certain frequency, the rotor is said to be under dynamic eccentricity (see Figure 1 ). Mixed eccentricity is the case when the rotor undergoes both static and dynamic eccentricities at the same time. The non-uniform air gap caused by rotor eccentricity creates an asymmetrical flux-density distribution around the air gap, which produces forces. The eccentricity force and the unbalanced magnetic pull (UMP) caused by it have been rigorously studied in the literature, in particular for induction machines [1] [2] [3] [4] [5] . Other machine types, for instance, permanent magnet (PM) machines, synchronous generators, switched reluctance (SR) machines, synchronous reluctance (SynRM) machines have also been adequately studied [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Besides the forces, it is also necessary to know how the machine under eccentricity performs in terms of several performance indicators, for example torque, losses, power factor, etc. The additional losses due to eccentricity in a cage induction machine is studied in [15] . Recently, [16, 17] investigated the influence of rotor eccentricity on the torque and its harmonics of a cage induction machine. Results showed an increased average torque and an influence on the harmonic components in the vicinity of the slot harmonics. Other factors like air gap flux-density, flux linkage, back-emf, torque, torque harmonics and losses of PMs have been studied in [18, 19] . The damper bar currents of a large hydro-generator have been studied both analytically and numerically in [20] and the performance of a SR machine has been predicted in [21] .
However, very few literature regarding the performance of permanent magnet assisted synchronous reluctance machines (PMaSynRMs) during rotor eccentricity were found.
Synchronous reluctance machines have been gaining an immense popularity due to their high efficiency, low cost and robust structure. In addition, the torque density is much better than that of induction machines. However, the power factor of SynRMs is rather poor. In order to enhance the torque density and power factor of SynRMs, permanent magnets are inserted in the rotor flux-barriers, resulting in the well-known permanent magnet-assisted synchronous reluctance machines (PMaSynRM) [22, 23] . In this paper, the performance of an eccentric PMaSynRM is compared with that of a healthy case. Both static and dynamic eccentricity have been considered. Finite element method (FEM) was used for this purpose. 
II. MACHINE MODEL

A. Test Machine
A three-phase, four pole, 5.5 kW permanent magnet assisted synchronous reluctance machine is used in this study, the crosssectional geometry of the is shown in Figure 2 . The rotor has three flux barriers per pole and ferrite permanent magnets are inserted in the center of the flux barriers (see Figure 2 ). Ferrite magnets are preferred over rare earth magnets (e.g. NdFeB) because of thier low cost, the availability in the market. In addition, they can withstand high temperatures [23] . The geometrical parameters of the machine is give in Table I . 
B. FEM and Eccentricity
The machine used in the study is modelled in MAXWELL ANSYS software. A two-dimensional time-stepping method has been used in this study to compute the magnetic field solution across the cross-section of the machine. The time-stepping method is based on the magnetic vector potential formulation. The Maxwell field equations in the quasi-static state together with the constitutive material equations lead to the following equation to be solved in the cross-sectional geometry of the machine:
where, ȣ is the magnetic reluctivity and ı is the conductivity of the material, A is the magnetic vector potential and ‫‬ is the reduced electric scalar potential.
The stator windings are fed with three phase sinusoidal currents to emulate the current controlled inverter that supplies the machine. The rotor was rotated at its rated mechanical speed. The movement is done by moving band technique. To model the static eccentricity, the stator is shifted along the negative x-axis (see Figure 2 ) by a distance equal to the eccentricity radius such that the shortest air gap appears along the positive x-axis. To model the dynamic eccentricity, the rotor is moved along the positive x-axis by a distance equal to the eccentricity radius and then the rotor is rotated around the geometrical centerline of the stator. The eccentricity radius is equal to the eccentricity expressed as a percentage of the radial air gap length. For instance, if the eccentricity is set to 33%, the whirling radius equals 33% of radial air gap length.
The electromagnetic torque is calculated using the Maxwell stress tensor method, the expression for which is given as
where, l is the axial length of the machine, μ0 is the permeability of free space, r is the radius of the integration, Br and Bș are the radial and tangential component of the magnetic flux density.
C. Loss Modeling
The materials used for the stator and rotor core construction are M270-50A and M330-50Am respectively. The stator windings constitute of copper wires. The copper loss in the stator windings are calculated from the current density J as
where, ı is the electrical conductivity of the material.
The core loss is divided into hysteresis loss, classical eddy current loss and excess loss and is calculated based on the Steinmetz equation [24] 
where, Bmax is the maximum amplitude of the flux density, f is the frequency and Kh, Kc, Ke are the hysteresis coefficient, classical eddy coefficient and excess loss coefficient, respectively, which are all material dependent parameters.
III. INFLUENCE OF ECCENTRICITY
The goal of this paper is to present the influence of static and dynamic eccentricity on different performance indicators of the machine such as the magnetic flux density, torque, losses and efficiency. The non-uniform air gap during eccentricity causes the magnetic flux to be higher in the direction of shortest air gap. This is evident from Fig. 3 that shows the comparison between the flux density distribution in the cross-section of the machine in healthy case and the case with 55% dynamic eccentricity. The asymmetrical flux-density distribution creates unbalanced force acting on the rotor. This force is mainly directed towards the shortest air gap. When the rotor is under static eccentricity, the position of the shortest air gap does not change. Therefore, the rotor experiences a radial pull in that direction. During dynamic eccentricity, the non-uniformity of the air gap is time dependent, meaning that the position of the shortest air gap changes. For this reason, the force during dynamic eccentricity is circulating in nature. The trace of the force vector for 55% dynamic eccentricity can be seen in Fig. 4 . The force in this case also has a tangential component. For this reason, the unbalanced magnetic pull experienced by the rotor is more severe in case of static eccentricity than the dynamic eccentricity. The magnitude of the force exerted on the rotor in case of 55% static and dynamic eccentricity is plotted against time in Fig. 5 . It is clear that force is slightly higher in the case of static eccentricity. The forces are calculated by integrating the Maxwell stress tensor in the air gap. Fig. 6 . shows the average output torque of the machine as a function of the current angle. Three cases, healthy, 33% static eccentricity and 33% dynamic eccentricity, have been considered. The simulations are performed at rated speed and rated current. It is evident from the figure that the optimal current angle at which the maximum torque is obtained remains the same. Nevertheless, there might be slight difference in the value of torque. Although the difference in the average output torque between the eccentric and healthy cases is minimal, the difference in the torque ripple is rather significant. Fig. 7 . shows the torque ripple as a function of the current angle for the aforementioned three cases. It is clear that the eccentricity affects the torque ripple, with high ripple in case of dynamic eccentricity. The time variation of the torque is shown in Fig. 8 at a current angle of 60°. The effect of eccentricity on the average torque is not significant. For instance, the difference between the torque of the healthy machine and the same machine under 33% dynamic eccentricity is around 0.3%, which can be neglected. Next, the influence of the eccentricity on the losses is studied. Fig. 9 and 10 show the core loss of the machine when the machine is under static eccentricity and dynamic eccentricity respectively. It can be well understood from the waveforms that the eccentricity has a significant effect in the core losses. In case of static eccentricity the difference in the core loss between a healthy machine and the machine with 77% eccentricity is around 14.3 Watt, which represents an increase of about 18%. In the case of dynamic eccentricity, the core loss is seen to be increased by around 31% when the eccentricity is 77%. The total loss in the machine, calculated as the sum of the core loss and the resistive loss in the stator windings is shown as a function of eccentricity in Fig. 11 . Since the machine is fed through a pure sinusoidal current supply and the current density in the windings is uniformly distributed, the resistive loss does not change. The results shown in Fig. 9 to Fig. 11 . are obtained for the current angle of 60°. 
IV. CONCLUSION
The influence of static and dynamic rotor eccentricity on the force acting on the rotor torque and loss of a pm-assisted synchronous reluctance machine has been studied. Ansys Maxwell tool was used for the study. Results showed that the average torque of the machine is not significantly affected by eccentricity, however the torque ripple is seen to be higher in case of dynamic eccentricity. The current angle of the maximum output torque also remains unchanged. Nonetheless, the core loss of the machine appears to be much affected by eccentricity and the performance is worse in the case of dynamic eccentricity. Therefore, eccentricity lowers the efficiency of the machine. 
